The purpose of this study was to evaluate the dentin bonding durability of three HEMA-containing one-step self-etch adhesives after one-year water storage and to measure the amounts of their water sorption/solubility. OptiBond All-In-One (OP), Bond Force (BF) and Clearfil S 3 Bond (S 3 ) were applied to the dentin surfaces according to manufacturers' instructions. Bond strengths to dentin were determined using µTBS test after water storage for 24 hours, six months, and one year. In addition, water sorption and solubility of the polymerized adhesives were measured. The µTBS of S 3 and OP significantly decreased after one year. On the other hand, for BF there were no significant differences in µTBS between all storage periods. There were significant differences in water sorption and solubility among the adhesives (BF>S 3 >OP). The initial amounts of water sorption and solubility of the three adhesives did not affect their bonding durability to dentin.
INTRODUCTION
The durability of the resin-dentin bond is one of the important factors in maintaining the integrity of adhesive restorations. In the case of etch-and-rinse adhesive systems, discrepancies between the depth of demineralization and resin infiltration may create three-dimensional leakage pathways through nanometer-sized channels within the hybrid layer, an observation, which has been called "nanoleakage" 1) . Leakage within the hybrid layer permits water movement which may accelerate the plasticization of adhesive resins and hydrolysis of exposed collagen within the hybrid layer, resulting in degradation of the hybrid layer 2, 3) . With self-etch adhesives, it has been generally accepted that there are fewer discrepancies between the demineralized dentin and infiltrated resin monomer because demineralization and resin monomer infiltration occur simultaneously 4) . However, in our previous study using two-step self-etch adhesives, it was found that nanoleakage gradually increased within the hybrid layer over time, leading to a reduction in dentin bond strength and specimen failures within the hybrid layer 5) . On the other hand, the dentin bond strengths of one-step self-etch adhesives have been reported to reduce after long-term water storage [6] [7] [8] , with an associated increase in the number of cohesive failures in adhesive resin 7) . The majority of one-step self-etch adhesives contain ionic resin monomers with acidic phosphate or carboxylic functional groups, hydrophilic monomers, hydrophobic monomers, water and organic solvents in a single bottle 9, 10) . As a result, these adhesives are highly hydrophilic.
The hydrophilic nature of these adhesive blends depends on the number of acidic and highly polar functional groups substituted with the methacrylate monomers. It has been shown that the hydrophilicity of adhesives is related to water sorption into the adhesive polymers [11] [12] [13] [14] . According to these studies, the more hydrophilic the adhesives are, the more water their polymers absorb.
Water absorbed into the adhesive polymers also results in polymer swelling, plasticising 11, 13) , a reduction in glass transition temperature 15) and a weakening of the polymer network 11, 16) . These adhesive polymers have been shown to act as semi-permeable membranes, permitting water movement across the adhesive layer even after polymerisation 17) , leading to a deterioration in their mechanical properties 16, 18) . Therefore, the amount of water sorption in a one-step self-etch adhesive might contribute to an accelerated degradation of its adhesive interface to dentin after long-term water storage. However, there have been few studies on the influence of the amount of water sorption in one-step self-etch adhesives on the durability of the resin-dentin bond. As such, the relationship between the bonding durability of one-step self-etch adhesives to dentin and water sorption is still unclear.
Moreover, the hydrophilic monomer, HEMA, in various concentrations is frequently added to one-step self-etch adhesives because of its positive influence on adhesion to dentin 19) , the miscibility of hydrophobic and hydrophilic components in the adhesive blend [20] [21] [22] and prevention of phase separation 21, 23) . However, HEMA (i.e.
poly-HEMA) attracts water even after polymerization 11) . Therefore, higher concentrations of HEMA might compromise the long-term stability of resin-dentin interface.
The objective of this study was to investigate the µTBS to dentin of three HEMA-containing one-step self-etch adhesives after immersion in water for 24 hours, 6 months and 1 year and to measure their initial amounts of water sorption and solubility. The null hypotheses tested were that 1 year of water storage does not affect the µTBS of one-step self-etch adhesives to dentin and that water sorption is not affected by one-step self-etch adhesives of different manufacturers.
MATERIALS AND METHODS
Three commercially available HEMA-containing onestep self-etch adhesives, OptiBond All-In-One (OP; Kerr, Orange, CA), Bond Force (BF; Tokuyama Dental Corp., Tokyo, Japan) and Clearfil S 3 Bond (S 3 ; Kuraray Medical Inc., Tokyo, Japan) were used in this study.
Teeth preparation
Eighteen caries-free extracted human third molars stored frozen were used in this study, according to the protocol approved by the Human Research Ethics Committee, Tokyo Medical and Dental University, Japan. After removal of the occlusal enamel, each surface was ground with 600-grit SiC paper under running water to obtain flat coronal dentin surfaces. The specimens were then randomly divided into three groups. Three one-step self-etch adhesives (OP, BF and S
3 ) were applied to the dentin surfaces according to manufacturers' instructions (Table 1) .
After polymerization of the adhesives using a lightcuring unit (XL3000, 3M ESPE, St. Paul, MN, USA) with an intensity of 600 mW/cm 2 , the crowns were built up incrementally in three layers with Clearfil AP-X (Kuraray Medical Inc., Tokyo, Japan) to a height of between 4 and 5 mm. Each layer was light-cured for 20 seconds. The bonded assemblies were stored in tap water at 37°C for 24 hours. After storage, each bonded tooth was serially sectioned into 0.7 mm thick slabs using a low speed diamond saw (Leitz 1600 Microtome, Leica Instruments GmbH, Heidelberg, Germany) under water-cooling. Five slabs per tooth could be harvested for testing. The adhesive-dentin interface was trimmed into an hour-glass shape with a 1 mm 2 cross-sectional area (0.7×1.4 mm), using a superfine diamond point (SF114, Shofu Inc., Kyoto, Japan) mounted in a highspeed turbine handpiece under copious water spray. The specimens were randomly divided into two experimental groups and a 24-hours group (control group). The specimens of the two experimental groups were stored in tap water at 37°C for 6 months or 1 year individually. The water in which the slabs were stored was changed weekly until testing.
Micro-tensile bond strength test
After the designated period's storage, the specimens were individually bonded to a jig using a cyanoacrylate adhesive (Zapit, Dental Ventures of America, CA, USA) mounted in a tabletop testing machine (EZ Test, Shimadzu Co., Kyoto, Japan) and subjected to the micro-tensile bond strength (µTBS) test at a crosshead speed of 1.0 mm/min (Fig. 1) .
Failure mode analysis
The fractured specimens were mounted on brass stubs, gold sputter-coated and observed using scanning electron microscopy (SEM) (JSM-5310, JEOL, Tokyo, Japan). The mode of failure was classified as either:
(1) C-D; cohesive failure in dentin, (2) C-R; cohesive failure in resin and (3) I-F; interfacial failure. Table 1 Chemical composition and application mode of the materials tested in this study
Interfacial failure was defined as regions between the top of hybrid layer and the bottom of hybrid layer. The area ratios of each failure mode on the dentin sides were expressed as percentages per overall fractured surface on the SEM micrographs by digitizing and subjecting them to quantitative image analysis using SemAfore software (Insinööritoimisto, J. Rimppi Oy, Finland).
Measurement of water sorption and solubility
One milliliter of each adhesive was placed in a tarred, wide, round and flat container (9.0 cm in diameter). In subdued light, the solvents of each adhesive were evaporated with a three-in-one dental air-syringe for 10 minutes at a distance of 15 cm at air pressure of 3.8 kgf cm -2 until the container stopped losing weight on an electronic analytical balance (Model GR-202, A&D Co., Tokyo, Japan). When the mixture reached a constant mass, solvent evaporation was assumed to be complete. The co-monomer mixture was poured into round-shaped molds (7.2 mm in diameter and 3.0 mm in thick.) These were positioned on glass slabs and covered by transparent thin film (KerrHawe Striproll, KerrHawe, Bioggio, Switzerland) and another glass slab. The adhesive in these molds was irradiated for 90 seconds using a light-curing unit (XL3000, 3M ESPE, St. Paul, MN, USA) with an intensity of 600 mW/cm 2 and then the glass slab and film were carefully peeled away. After removing the disks from the mold, the bottom of each disk was cured for another 90 seconds. Water sorption and solubility were determined according to the ISO specification 4049 (2000), except for disks' dimensions and period of water immersion. The number of resin disks was ten for each adhesive.
Immediately after polymerization, the specimens were placed in a container filled with anhydrous calcium sulphate (CaSO4) to ensure dryness at 37°C. The specimens were repeatedly weighed after intervals of 24 hours until a constant mass (M1) was obtained. The thickness and diameter of the specimens were measured using a digital caliper (ABS Solar Digimatic Caliper, Mitutoyo Co., Kanagawa, Japan) rounded to the nearest 0.01 mm, and these measurements were used to calculate the volume (V) of each specimen (in mm 3 ). They were individually immersed in distilled water at 37°C for the water sorption and solubility test. After intervals of 24 hours, the resin disks were gently wiped with absorbent paper, weighed, and stored in distilled water. This regime was continued until a constant mass (M2) was obtained. Then, the resin disks were stored in a dry state, and weighed daily until a constant dry mass (M3) was obtained. Water sorption (WS) and solubility (SL) were calculated using the following formulae: 
WS=M2-M3/V SL=M1-M3/V
where M1 is the initial dry constant mass (µg) before water storage; M2 is the wet constant mass (µg) after water storage; M3 is the dry constant mass after desiccation and V is the volume of the specimen in mm 3 .
Statistical analyses
Bond strength values were calculated in MPa and statistically analyzed using two-and one-way ANOVAs with the Dunnett's T3 post-hoc multiple comparison test to identify significant differences induced by the periods of water storage among the adhesive systems at a 95% level of confidence.
The percentages of each failure mode of each adhesive system between all the three storage periods were statistically analyzed using Kruskal-Wallis oneway ANOVA (p<0.05) and the Mann-Whitney U-tests combined with the Bonferroni correction (p<0.016).
The WS and SL data were analyzed using two individual one-way ANOVAs seeking for significant differences among the adhesive systems. Additionally, Dunnett's T3 test was used for post-hoc multiple comparisons at a 95% level of confidence. Table 2 shows the mean bond strengths of the three one-step self-etch adhesives to dentin as a function of the water-storage period. Two-way ANOVA revealed that the adhesive system (p=0.0001) and storage period (p=0.002) significantly affected the µTBS. In addition, there was no significant interaction between the adhesive system and storage period (p=0.729). Oneway ANOVA revealed that the µTBS of OP and S 3 were significantly affected by the storage periods (OP; p=0.043 and S 3 ; p=0.023), while for BF there was no significant difference between the storage periods (p=0.261) although the µTBS decreased over time. One-year of water storage significantly reduced the µTBS of S 3 and OP compared with the 24-hour and the 6-month storage periods, respectively (p<0.05). There were no significant differences in the µTBS to dentin among the three adhesives at the 24-hour and 1-year periods (p>0.05).
RESULTS
The percentage of the failure modes are summarized in Figure 2 . For OP and S 3 , the KruskalWallis test indicated significant increases in the percentage of cohesive failures in resin (C-R) (OP; p=0.003 and S 3 ; p=0.02) and significant decreases in the percentage of interfacial failures (I-F) (OP; p=0.008 and S 3 ; p=0.028). For BF, there were no significant differences among the storage periods for each failure mode (C-R; p=0.13, I-F; p=0.074 and C-D; p=0.461), although the percentage of C-R increased and the percentage of I-F decreased after 1 year of water storage compared to 24 hours of storage. Figures 3 and 4 are scanning electron micrograph pictures in the regions of cohesive failure in resin of the de-bonded specimens after 24 hours and 1 year of water storage. After 24 hours of water storage, BF showed numerous pores within the adhesive layer, while OP and S 3 showed no porosity in the adhesive layer. After 1 year of water storage, all three one-step adhesives failed within the adhesive layer and/or in the adhesive-composite interface, in which filler particles were observed to have detached or were missing.
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A; 1 Values are means (standard deviations). n=10 (per group). Different superscript letters in each column indicate statistically significant differences among storage periods (p<0.05). Different superscript numbers in each row indicate statistically significant differences among the adhesive systems (p<0.05). Table 2 Micro-tensile bond strengths of the three one-step self-etch adhesives tested in this study three one-step self-etch adhesives are summarized in Table 3 . One-way ANOVA revealed that the WS and SL were influenced by the adhesive system (WS; p=0.0001 and SL; p=0.0001). There were significant differences in water sorption and solubility between all the adhesives (p<0.05). The values for both water sorption and solubility were seen in the order of BF>S 3 >OP.
DISCUSSION
In the present study, the tested HEMA-containing onestep self-adhesives showed different amounts of water sorption. The results of this study require rejection of the null hypothesis that water sorption is not affected by one-step self-etch adhesives of different manufacturers. Many factors may affect the water sorption of polymerized one-step self-etch adhesives, such as the hydrophilic and hydrophobic monomers within the adhesives 24) , other polar constituents 11) , and Table 3 The amounts of initial water sorption and solubility of one-step self-etch adhesive polymers the presence and type of filler particles 25) . In particular, the presence of HEMA, a hydrophilic monomer, will strongly affect water sorption. It was reported that the amount of water sorption of adhesive polymers increased proportionally to their HEMA concentrations 14) , therefore the water sorption results might be dependent upon the HEMA concentrations of the tested one-step self-etch adhesives.
Moreover, the solvents are probably another factor regarding the extent of water sorption 13) . In this study, the highest water sorption values were obtained in BF (163.3 µg/mm 3 ), followed by S 3 (148.6 µg/mm 3 ) and OP (110.7 µg/mm 3 ), in which there were statistically significant differences among all three adhesives (p<0.05). Many constituents of one-step selfetch adhesives are dissolved in water and organic solvents. The tested one-step self-etch adhesives utilize different types of solvents (OP: acetone and ethanol, BF: isopropyl alcohol, S 3 : ethanol). Recent studies have indicated that both acetone and ethanol evaporate faster than water because they have higher vapor pressures 26, 27) . Their evaporation increases the concentration of monomers in the adhesives 26) , which lowers the vapor pressure of the remaining residual solvents, making it impossible to evaporate all solvent during air-drying stage 26) . The omission of HEMA in the adhesive formulation of the one-step self-etch adhesives, separating water from the other ingredients upon ethanol/acetone evaporation, may be advantageous in removing most of the water 21) . However, it might be difficult to evaporate all water from phase-separated adhesive even with very strong air-drying under identical clinical conditions, because of the low vapor pressure of water 21) . On the other hand, for HEMAcontaining adhesives such as those used in this study, residual water in the co-monomer mixtures would be attracted by poly-HEMA and/or other polymers leading to an increase in the free volume of polymerized adhesive, which promotes water sorption into the polymerized adhesive even after drying prior to water immersion. On the other hand, any residual solvent remaining after air-drying might produce defects within the polymerized adhesive, which would be replaced by water during water immersion. Of the three tested adhesives in the present study, pores were detected in the SEM images of BF after 24 hours. The vapor pressure (at 25°C) is 44 mm Hg for isopropyl alcohol, 200 mm Hg for acetone and 54.1 mm Hg for ethanol. These indicate that isopropyl alcohol makes it more difficult to evaporate by air-drying than acetone and ethanol. Therefore, in the case of BF, the solvent (isopropyl alcohol) may not have been completely removed by air-drying.
Water molecules diffuse through pores in the material without mutual relationship to the polar sites of the material 28) . The water sorption in BF might therefore have been due to pore formation within the polymerized adhesive caused by the presence of residual solvent.
Water sorption is known to be associated with water solubility 14) . The solubility of adhesive polymers represents the amount of water-soluble ingredients 29) . Unpolymerized monomers or oligomers can leach out of the polymer during water immersion and subsequent polymer expansion 14) . After entering the polymer, water triggers hydrolysis, resulting in the elution of filler particles and ions and the deterioration of adhesive polymers over time 29) . A higher water sorption value might be related to higher solubility. Indeed, BF showed the highest solubility (15.6 µg/mm 3 ) and the highest water sorption (163.3 µg/mm 3 ) among the three adhesive systems. Increased water sorption in adhesive polymers might increase the risk of deterioration of the one-step self-etch adhesive layer after long-term water storage.
The µTBS results of this study partially require rejection of the null hypothesis that 1 year of water storage does not affect the µTBS of one-step self-etch adhesives to dentin. In this study, the µTBS of OP and S 3 were significantly affected by the storage periods. Moreover, the failure mode analyses of OP and S 3 after 1 year of water storage revealed that the percentage of cohesive failures in resin (C-R) significantly increased, while the percentage of interfacial failures (I-F) significantly decreased (Fig. 2) . These findings indicate that the degraded adhesive polymers caused reductions in µTBS over time and are in agreement with previous studies using one-step self-etch adhesives 6, 7) . It has been suggested that the reduction in dentin bonding durability of one-step self-etch adhesives was due to a deterioration of the adhesive layer by water infiltration. On the other hand, BF, which had the highest water sorption and solubility values showed no significant reduction of µTBS to dentin between the control and 1-year storage group, although the µTBS reduced over time.
In addition, the failure modes of the BF specimens were not significantly different among the storage periods, although cohesive failure in resin (C-R) was the main failure mode, which increased over time. These results seem to indicate that for the tested onestep self-etch adhesives, the initial water sorption and solubility values are not related to the durability of the resin-dentin bond after long-term water storage.
With regards to the water sorption test in this study, the amount of water sorption rapidly increased in the beginning and then reached a plateau after 28 days of water storage. The initial water sorption of the one-step self-etch adhesives and subsequent reduction in mechanical properties may have resulted in poor load transference across the bonded interface. If the adhesive layer coupling the resin composite to the hybridized dentin reduces in stiffness and/or weakens, stress distribution across the bonded interface may be adversely affected possibly resulting in plastic deformation or debonding under loading. On the other hand, the solubility values in this study would mainly have been the result of a loss of mass by the elution of oligomers and monomers without hydrolytic degradation because of the short-term water immersion. However, solubility would increase over time due to hydrolysis after water immersion for a longer period 29) , in which there might be different effects in the one-step self-etch adhesives on their mechanical properties. There has been little research on the relationship between long-term water solubility and the mechanical properties of one-step self-etch adhesives. Further research is required to evaluate the effect of long-term water storage on the mechanical properties of one-step self-etch adhesives and their water sorption/solubility behaviors. Moreover, there might be other factors that affect the dentin bonding durability of one-step selfetch adhesives, such as the type of functional adhesive monomer, the composition of hydrophilic and hydrophobic monomers, filler content and the nanoleakage spaces within the hybrid layer and adhesive layer. Further research is also required to evaluate their effect on the dentin bonding durability of one-step self-etch adhesives.
CONCLUSIONS
Within the limitations of this study, the following conclusions can be drawn: 1. The water sorption and solubility values were significantly different among the three tested one-step self-etch adhesives. 2. The initial amount of water sorption and solubility did not affect the durability of the dentin bond of the tested one-step self-etch adhesives.
